Detailed turbulent flow profiles have been measured on a square sub-channel geometry with typical mixing devices. For a fine examination of the lateral flow structure on a sub-channel geometry with 2-D LDA, a 5x5 rod bundle array was fabricated as 2.6 times larger than the real bundle size. The mixing devices used were a typical split type and a swirl type. The experiments were performed at the condition of Re=50,000 (axial bulk velocity 1.5 m/s) and the water loop was maintained at the conditions of 35 ºC and 1.5 bar during an operation. As for the results, distinct intrinsic flow features were observed according to the type of mixing devices. In a typical split type, there was no remarkable swirling flow within a sub-channel and the lateral flow was vigorous in the gaps. In the swirl type, a single swirling flow was dominant within a sub-channel and there were relatively small lateral flows in the gaps.
Introduction
In a nuclear power plant, an optimum heat removal from the surface of the nuclear fuel elements in a reactor is very important for the viewpoint of a reactor thermal margin and safety. The spacer grids which support the fuel assembly are used as the effective thermal mixing devices by attaching various types of flow deflectors. There are many efforts being made to develop the optimum spacer grid which can mix the flow effectively in sub-channel geometry. Recently, due to the great advances in computation technology, commercial CFD codes are being used to design the optimized flow mixing device. However, no CFD code is still successfully available for an estimation of the flow structure in this geometric condition because of the complexity of the flow and the severe anisotropy of the turbulent diffusion. There have been many attempts to improve the calculation performance of the CFD code by improving the turbulence model and the numerical schemes. The verification of the CFD code by comparing it with experimental data is essential prior to an application. But the experimental data of the flow structure caused by a mixing device on sub-channel geometry is very limited for a satisfiable verification of the developed computational tools. Even from the available experimental data, they are not enough to examine the small scales of the lateral flow generated by a mixing device. From this reason, more precise experimental studies are required to use for the code verifications.
There have been many efforts to find the mechanism of a thermal mixing in a structure comprised of many regular arrayed rods. Trupp and Azad [1] inferred the existence of a secondary flow in a subchannel from the measurements of the axial velocity profile and the shear stress of the rod surfaces. Neti et. Al. [2] and Vonka [3] tried to measure the lateral velocity profiles within sub-channels by using 2-D LDA and they confirmed that the magnitudes were less than 1 % of the averaged axial velocity but detailed secondary flow features were unclear. Rowe et. Al. [4] suggested the existence of a lateral macro-scale from the measurements of the dominance frequency of turbulence in a square sub-channel geometry. Rehme [5] confirmed the lateral flow pulsations between the sub-channels by analyzing the space cross-correlations of the HWA measurements. He insisted that the thermal mixing in a sub-channel geometry is mostly influenced by the almost periodic macro-scale flow pulsations caused by the flow instability rather than the secondary flow from the Reynolds stress gradients. There also have been many studies on a thermal hydraulic analysis of the sub-channel geometry. These studies agreed with the experimental data to some degree by using different turbulence models but none could simulate the lateral flow pulsations.
Yang and Chung [6] have studied the influence of the spacer grids on the turbulent mixing within a square sub-channel geometry. They analyzed the generation and decay of the turbulent energy from their LDA measurement results. Karoutas et. Al. [7] have performed an analysis of the fluid dynamics under the influence of spacer grids in a square sub-channel geometry. They compared the calculations with their experimental results and showed good agreements for the lateral velocity profiles. But the axial velocity comparison had some differences because of the assumption of an infinitesimal vane thickness in the calculation. Smith et. Al. [8] have demonstrated a process used to develop confidence in CFD as a tool to investigate the flow and temperature distributions in a rod bundle array with spacer grids. They performed thermal hydraulic experiments in a 5x5 rod bundle array with mixing vanes by using the PIV system and a heater rod. CFD simulation was also performed with the same conditions as the experiments. The CFD predictions showed reasonable agreements with the data for the velocity fields and the rod heat transfer coefficients.
This study presents the experimental data of the detailed turbulent flow structures on a square sub-channel geometry with typical mixing devices. The measurement results show the inherent flow characteristics for each type of spacer grid according to the configuration of the mixing vanes.
It is expected that the information of these flow characteristics in sub-channels can be used for the verifications of related CFD codes. And these experimental results would also be useful for developing optimized fuel rod components.
Experimental Apparatus
The experiments have been conducted in the cold test loop at KAERI which can perform the hydraulic test at normal pressure and temperature conditions for a rod bundle array in water. Figure 1 shows the schematic of the cold test loop used in this work. It consists of a water storage tank, circulation pump and a test section. A heater and cooler are installed in the water storage tank for maintaining the experimental temperature condition during an operation. Coolant flow rate is controlled by changing the pump speed with an inverter at up to 2 m 3 /min.. There are several instruments to monitor and control the loop conditions. The measured temperature from the thermocouple at the water storage tank is used to control the heater and the control valve at the cooling line for maintaining the loop temperature. Pressure transmitters are installed to measure the loop pressure and the local differential pressures in the test section. To measure a wide range of the flow rates, two turbine type flow-meters are used. One is for a low flow rate (0.5~8.2kg/s), and the other is for a higher flow rate (2.5~40.9 kg/s). The experimental data of the loop is collected by using a data acquisition unit (Agilent 34970A).
LDA System
A 2-component Laser Doppler Anemometry (LDA) was used to measure the turbulent velocities in a rod bundle. It comprises of an Argon-ion Laser source, optics and a 2-D probe. We employed the FiberFlow optics/transmitter of DANTEC * which uses a backward scattered method as an optical system of this 2-dimensional LDA. 
Test Section
For a close examination of the lateral flow structure on a sub-channel geometry, a 5x5 rod bundle array was fabricated as 2.6 times larger than the real bundle size. This 5x5 rod bundle with spacer grids was installed in the acrylic square duct. Both ends of the rod bundle were fixed with the support grids of which the strap was thin enough to minimize the flow disturbance. The support grid for one end of the rods at the downstream side was especially designed to allow for a laser beam passing. The LDA measurements were performed at the plane 5 mm inside the end of the rods at the downstream side. The cones were attached to the ends of the rods at the downstream side to minimize the vortices behind the ends of the rods which could make a flow deformation at the measurement locations.
Two spacer grids were assembled to the 5x5 rod bundle array. The first spacer grid which is placed at the upstream of the test section has no mixing devices and is for a stabilization of the flow. The second spacer grid is placed at 70 D h apart from the first spacer grid in the direction of the downstream. This second spacer grid has mixing devices and it causes a lateral mixing and/or a swirling flow. A set of spacer grids can be moved along the axial direction according to the test conditions. The total channel length and the grid span are 4900 and 1700 mm, respectively. The 2-D LDA was positioned in front of the main flow cross section of the 5x5 rod bundle array for measuring the lateral velocity vectors on every point in a flow sub-channel. The axial velocity component was also measured by changing the location of the LDA probe to the side of the test section. The mixing devices used in this study were a typical split type and a swirl type. Figure 4 shows the schematic of the mixing devices. The split type is considered to enhance the flow mixing between the sub-channels vigorously through the gaps. Meanwhile, the swirl type makes a strong vortex which can disperse the thermal energy within a sub-channel rather than a flow interchanging between the sub-channels. The swirl type has a pair of primary vanes (bigger) and a pair of secondary vanes (smaller) in a sub-channel. 
. Mixing devices tested in this work

Results and Discussion
The measurements for the lateral velocities at the investigation region were performed at 2,412 positions as shown in Figure 3 Figure 5 shows the LDA measurement result of the lateral velocity vectors in the investigation region for two types of the spacer grid at the level of 1 D h apart from the tip of the mixing vanes. In case (a) for the split type, there is a couple of symmetric vortices generated by the split vanes within a sub-channel at the inner and intermediate sub-channels. The size of each vortex is about one forth of a pitch. These localized small vortices contribute to a thermal mixing in a very limited region within a sub-channel. The cross-flow at four gaps in a sub-channel is vigorous and mostly contributes to the energy exchange between the adjacent sub-channels. From these, the split type spacer grid is considered to be more effective for a mixing between the sub-channels rather than a mixing within a sub-channel.
Flow Features
Meanwhile, in case (b) for the swirl type, one large vortex of elliptic shape is generated by the swirl vanes within a sub-channel at the inner and intermediate sub-channels. The size of the vortex is about 2.6 times larger than that of case (a). This large swirling flow makes flatten the temperature profile caused by the heat flux from the fuel rod surfaces in a sub-channel. There is also a cross-flow at four gaps which is effective for the mixing between the sub-channels but the contribution of the inter-channel mixing is less than that of case (a). Thus the swirl type has a better performance for a thermal mixing within a sub-channel while it has a lesser contribution for a inter-channel mixing when compared to the split type. The magnitudes of the lateral peak velocities in this investigation region are about 30% of the axial bulk velocity (1.5 m/s) in both cases. . Vorticity contours Figure 7 shows the comparisons of the axial and lateral velocity profiles between the types of spacer grid along the gap centreline (refer figure 3) as a flow passes through the downstream.
In the left figure, the axial velocity fluctuates in a complicated manner at z/D h = 1 due to the existence of the mixing vanes just upstream. As the flow moves downstream, the velocity fluctuations decrease gradually. At the level of z/D h = 16, the velocity profile of the split type becomes almost flat while the velocity profile of the swirl type shows a wavy form. In the case of the swirl type, the recovery of the flow loss in the wall sub-channel due to the wall and the vaned spacer grid at z/D h = 1 is slower than that in the case of the split type as a flow passes through the downstream. The complete wavy velocity profile at the level of z/D h = 71 is the case of the bare rod bundle experiment for the comparison.
In the right figure, the fluctuations of the lateral velocity profiles in both cases represent the flow characteristics due to the vane patterns, exactly. From the points C1 and C2 at z/D h = 1 which mean the centre of the sub-channels, the symmetric fluctuations in the case of the swirl type allude to a swirling flow (CCW at C1 and CW at C2, respectively), while in the case of the split type they suggest a splitting flow (left/right gaps at C1 and upper/lower gaps at C2, respectively). These features are also confirmed from the examination of the velocity vectors in Figure 5 . The lateral fluctuations are decaying gradually as a flow passes through the downstream, but the fluctuations in the case of the swirl type which have a swirling feature remain longer than those in the case of the split type because of the larger vortex scales as discussed above. Also, the almost "zero" profile at the level of the z/D h = 71 is the case of the bare rod bundle experiment for reference. Figure 8 shows the contour of the lateral directional turbulent intensities for the two types at the level of z = 4 D h . This suggests that there is a distinct relationship between the intensity and the directional patterns of the mixing vanes except for the region lower than z = 2 D h , where the flow is chaotically redistributed when passing through the mixing devices.
Turbulent Intensities
At the inner sub-channel, where there is a mixing device of which the bending direction is horizontal, the turbulent intensity of the V-component (V rms ) has relatively large values in a central region, while the turbulent intensity of the U-component (U rms ) is not dominant. Meanwhile, at the intermediate sub-channel, where there is another mixing device of which the bending direction is vertical, U rms has relatively large values in a central region, while V rms is not dominant. In the case of the swirl type, the primary vanes of the mixing device play a more important role for determining the pattern of the intensity distribution than the secondary vanes. The turbulent intensity is somewhat larger in the case of the split type than that in the case of the swirl type. The shape of the intensity contour is highly skewed in the case of the swirl type. 
(a) Split type (b) Swirl type Figure 10 . Turbulent intensity decay
In the upper two figures, the U rms at C2 (intermediate sub-channel) is higher than the other locations and in next two figures, the V rms at C1 (inner sub-channel) is higher than the other locations, in the same manner. These imply that there is an obvious dependency between the distributions of the turbulent intensity and the directional patterns of the mixing vanes, as mentioned above.
The differences of the lateral directional turbulent intensities between the maximum and the others are larger in the case of the split type than that in the case of the swirl type. The turbulent intensities are decayed drastically at a close downstream distance from the spacer grid and the decaying rates are decelerated as the flow passes further downstream for both types of the spacer grid.
The turbulent intensity of the W-component (W rms ) has no relationship with the directional patterns of the mixing vanes and it is distributed uniformly in the sub-channels. From the results of Figure 10 , the split type is somewhat superior to the swirl type in the performance of the turbulence generation at a near downstream distance from the spacer grid.
Conclusions
Detailed turbulent flow profiles have been measured by using 2-D LDA on a square sub-channel geometry with two types of mixing devices. For a fine examination of the lateral flow structure on a sub-channel geometry, a 5x5 rod bundle array was fabricated as 2.6 times larger than the real bundle size. The tested mixing devices were a typical split type and a swirl type. From the experimental results, the characteristics of a turbulent flow in a sub-channel geometry with the specific mixing devices are summarized as follows.
In the case of the split type, a couple of symmetric small vortices were generated in a sub-channel just after the split vanes and it disappeared as the flow moves downstream while the cross-flow at four gaps in a sub-channel was vigorous. The split type spacer grid is considered to be more effective for a mixing between neighboring sub-channels rather than a mixing within a sub-channel.
In the case of the swirl type, one large vortex of an elliptic shape was generated in a sub-channel just after the split vanes and it was maintained until the flow moves downstream. The cross-flow at four gaps in a sub-channel was relatively weak. The swirl type has a better performance for a thermal mixing within a sub-channel when compared to the split type.
The bending direction of the mixing vanes influences the turbulence generation in such a way that the component of the turbulent intensity perpendicular to the vending direction is dominant in a subchannel.
The turbulent intensity in the case of the split type is larger than that in the case of the swirl type at just behind the mixing devices, but it decays exponentially in both cases in a similar way as the flow moves to the downstream.
The experimental results from this work would be useful for the development of a turbulence model for applications such as sub-channel geometries, where the flow is highly non-isotropic, and also for a verification of the reactor analysis CFD codes. 
